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ABSTRACT 
Selective laser melting (SLM) is being widely utilised to fabricate intricate structures used in various 
industries. Widening the range of applications that can benefit from such promising technology 
requires validating SLM parts in load bearing applications. Recent studies have mainly focussed on 
static loading, with minor attention to cyclic loading despite its vital importance in many applications. 
In this work, the fatigue performance of SLM AlSi10Mg was investigated considering the effects of 
surface quality and heat treatment. Compared to heat treatment, machining the samples played a 
minor role in improving the fatigue behaviour. This is potentially attractive to industries interested in 
latticed structures and topology-optimised parts where post-processing machining is not feasible. The 
characteristically fine microstructure in the as-built samples provided good fatigue crack propagation 
resistance but none of them survived nominal fatigue life of 3x10
7
 cycles within the maximum stress 
range of 63-220 MPa. A specially-tailored heat treatment increased the material’s ductility, 
significantly improving its fatigue performance. At 94 MPa, the heat-treated samples survived beyond 
the nominal fatigue life, outperforming the reference cast material. The combined effect of machining 
and heat treatment yielded parts with far superior fatigue properties, promoting the material for a 
wider range of applications.  
Keywords: Additive manufacture; selective laser melting; Aluminium alloys; microstructure; fatigue; 
heat treatment. 
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1. INTRODUCTION 
Additive manufacturing (AM) via selective laser melting (SLM) enables the fabrication of 
geometrically complex structures, providing various industrial sectors with a range of opportunities, 
such as light-weighting and added functionality [1, 2]. Drastic weight reduction can be achieved by 
several methods, such as topology optimisation [3, 4] or replacing a bulk of solid material with 
latticed structures [5, 6]. AM has the potential to fulfil demands for cost and design-to-manufacturing 
time reduction through saving on raw materials and replacing a series of production processes with a 
single step process. AM, also, promotes the possibility of producing cost-effective customised 
products [7, 8]. Parts produced using AM are already widely used in various fields, such as the 
medical [9], automotive, and aerospace industries [7]. Fabricating load bearing parts using SLM, such 
as automotive power trains, turbine components [10], or aerospace components [11], is becoming 
more commonplace, therefore studying their mechanical performance is gaining further attention to 
cope with the widely expanding popularity for the process [12] and confirm its credibility. Recent 
studies have mainly considered the static tensile properties of the parts [10, 13, 14], with less attention 
so far to fatigue performance, as stated by [15]. Fatigue behaviour of parts is one of the important 
properties to be considered when evaluating a material for application in industry.  
SLM parts can suffer from cracks [16], pores [17], poor surface roughness, and high residual stresses 
[18] arising from the high energy density {energy density = laser power  / (scan speed * hatch spacing 
* layer thickness) [19]} induced by the process and subsequent fast solidification [20, 21] and high 
thermal gradients. SLM materials also have distinctive microstructures [22] when compared to 
conventionally processed materials. All these features affect the mechanical properties of SLM parts 
and differentiate them from those manufactured by conventional processes [13]. Although the 
porosity of SLM parts, processed with optimised parameters, does not drastically reduce the load 
bearing area and might not be therefore sufficient to reduce the stiffness of the material in load 
bearing applications [13], this is not the case for fatigue performance [21], which is strongly affected 
by the presence of pores [23]. The probability of failure under cyclic loading increases as the fraction 
or size of defects increases since fatigue cracks nucleate at these defects [15, 20, 24]. The sensitivity 
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of fatigue properties to surface defects, accentuated by the poor surface roughness, has been widely 
reported for SLM titanium alloys  [20, 25, 26] and stainless steel [27]. Brandl et al. [15] investigated 
the fatigue behaviour of SLM AlSi10Mg samples with machined surfaces. Mower and Long [28], on 
the other hand, tested SLM AlSi10Mg samples with as-built and polished surfaces and reported a 
poorer fatigue performance in both cases, compared to the results of Brandl et al [15]. It is important 
to note that these two studies used different SLM systems and processing parameters that can lead to 
different levels of porosity in the produced samples. Therefore, it cannot be confirmed that the surface 
quality of SLM AlSi10Mg plays a major role in controlling the fatigue performance.    
Several approaches to improve the fatigue behaviour of SLM parts have been reported in the 
literature. For instance, the fatigue endurance limit can be doubled through reducing the surface 
roughness for Ti-6Al-4V [9, 29]. Siddique et al. [30] and Shiomi et al. [18] agreed that the use of a 
heated platform (200 ºC) or using double scan strategies diminished the residual stresses. 
Nevertheless, it has been previously reported that heating the platform does not affect the mean 
fatigue strength of the material but rather reduce the scatter in results [15]. Riemer et al. [27], working 
on stainless steel, reported stress-relief, through heat treatment or hot isostatic pressing, to yield 
fatigue properties that were the same as, or even better than those of, conventionally manufactured 
samples. Edwards and Ramulu [20] recommended peening to induce compressive residual stresses at 
the surface since their Ti-6Al-4V SLM parts had tensile residual stresses. Post manufacturing heat 
treatment is a means of reducing the residual stresses in SLM parts. Although heat treating SLM parts 
is usually guided by the procedures laid out for conventional materials, it is important to note that this 
might not be generally applicable due to the difference in starting microstructure [21]. The authors of 
this paper have previously reported [31] an investigation into the heat treatment of SLM AlSi10Mg 
using a conventional T6 procedure, and observed material softening, rather than the hardening effect 
that takes place after T6 heat treatment of a conventionally processed AlSi10Mg. They, further, 
developed an understanding of how to tailor the heat treatment procedure for SLM parts to achieve a 
particular mechanical response.  
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AlSi10Mg is commonly used in the automotive industry for its high specific strength [24], in 
applications where fatigue performance is also critical [32]. Therefore, this paper investigates the 
fatigue behaviour of SLM AlSi10Mg and determines the effect of the sample’s surface quality and 
heat treatment on the material’s performance under cyclic loading. This paper aims to define the 
importance of the surface quality as a factor influencing the fatigue behaviour of SLM parts made 
from Al alloys and find an alternative to post process machining that would enhance the fatigue 
performance. This alternative will further promote the feasibility of using AM processes for light-
weighting purposes where a geometrically complex structure needs to be fabricated without the 
capability of post-process machining as in the case of latticed structures and topology optimised parts. 
2. MATERIALS & METHODS 
AlSi10Mg powder supplied by LPW Technology was used in this study, the properties of the powder 
can be found in [17]. A Renishaw AM250 SLM machine was used to fabricate two batches of 
standard fatigue test specimens with reduced gauge sections (Figure 1) with continuous radius of 
curvature between the grip ends, as per ASTM standard E466 [33]. Each batch of samples was made 
up of 36 samples. The samples had a 6 mm minimum diameter and a 36.8 mm gauge length. The 
processing parameters employed are shown in Table 1. The layer thickness is the thickness of each 
layer of powder deposited prior to the laser scan. The scan speed is the speed the laser beam rasters 
across the powder layer, which is dictated by the point distance and the exposure time at each point. 
The hatch spacing is the offset between two adjacent scans. The chessboard scan strategy is the same 
as the island scan strategy described in [22]. The process parameters used were optimised to produce 
parts with minimal porosity (below 0.5%) and a relatively small layer thickness was used to minimise 
surface defects and irregularities. The build platform was maintained at 180º C during processing to 
minimize residual stresses [30] and scatter in fatigue data [15]. The machine is equipped with a Yb-
fibre laser (λ=1064 nm) and the spot size of the laser beam focused at the powder bed is 70 µm. The 
machine processes under argon atmosphere with an oxygen content below 0.09%. 
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Figure 1: Fatigue samples fabricated using SLM with the build direction parallel to the Z-axis. 
Table 1: Processing parameters using Renishaw AM250 to produce near fully dense fatigue samples.  
Laser power Layer thickness Scan speed Hatch spacing Scan strategy 
200 W 25 µm 570 mm/s 80 µm Chessboard 
Batch 1 was tested without machining and Batch 2 was machined by turning to reduce the surface 
roughness; machining allowance was taken into consideration when building the samples by 
accounting for extra material removal (1 mm in diameter). The surface of the sample before and after 
machining was imaged using a Hitachi TM3030 scanning electron microscope (SEM), equipped with 
a backscatter electron detector operating at 15 kV, to determine the effect of machining on the surface 
quality. Also, a Mitutoyo Surftest SV-600 was used to measure the surface roughness (Ra) of the 
samples with and without machining. Half the samples in each batch were heat-treated following a 
conventional T6 procedure. The samples were solution heat treated for 1 hr at 520º C followed by 
water quenching to room temperature and then aged for 6 hrs at 160º C. This was previously shown 
by the authors [31] to provide the material with increased ductility. As-built and heat-treated samples 
were cross-sectioned, polished, and etched using Keller’s reagent [34] to reveal their microstructures. 
X 
Z 
Y 
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These were imaged using a Nikon Eclipse LV100 ND optical microscope and a Philips XL30 SEM 
equipped with a secondary electron detector operating at 20 kV.  
Uniaxial fatigue tests were conducted in load-controlled mode following ASTM standard E466 [33]. 
Before testing, the machined samples were inspected visually using optical microscopy to ensure they 
were free of abnormalities, such as cracks or undercuts. The specimens were also cleaned with ethanol 
prior to testing to remove any surface dirt or oils. An Instron 8801 servo-hydraulic fatigue testing 
machine with a 100 kN load cell was used for the tests. Tests were conducted in air at room 
temperature (approximately 21º C and 30% relative humidity). The cyclic loading followed a sine 
wave with a frequency of 30 Hz. The effect of frequency variation  when testing Al alloys for fatigue 
behaviour is reported to be insignificant [35]. In the axial fatigue loading, the stress fluctuated 
between maximum (σmax) and minimum (σmin) stress values, with a stress ratio (R = σmin/σmax) of 0.1. 
The samples were loaded until failure or until nominal fatigue life of 3 × 10
7
 was reached, the 
surviving samples being identified as run outs. Six maximum stress levels were investigated ranging 
between 20% and 70% of the ultimate tensile strength (UTS) of the material (320 MPa [13]) with 
10% increments, testing three samples at each stress level from each batch of specimens (as-built, 
machined, heat-treated, and machined and heat-treated). Fracture surfaces of the samples were imaged 
using a Philips XL30 SEM. The fracture surfaces were also cross-sectioned along the normal plane, 
polished, etched, and imaged using the optical microscope.  
3. RESULTS  
3.1. Surface quality of the test specimens 
The surface morphology of the fatigue samples in their as-built condition without post-processing 
machining can be seen in Figure 2 (a). Irregular surface features, such as balling and satellites [36], 
were observed. These surface defects are thought to decrease the fatigue strength of SLM parts [26]. 
The surface roughness (Ra) of the as-built samples was 17.1 ± 0.9 µm. In comparison to the as-built 
samples, post-process machining eliminated all evidence of balling and satellites, as can be seen in 
Figure 2 (b). The machined surface shows the machining marks from turning as well as some surface 
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porosity that was only clearly revealed after machining. The surface roughness (Ra) of the machined 
samples was 0.62 ± 0.02 µm, demonstrating the significantly reduced surface roughness. 
    
Figure 2: Surface morphology of the sides of (a) an as-built fatigue sample and (b) a sample with machined surface 
(surface parallel to the build direction). These images were taken from the samples’ shoulders. 
3.2. Microstructure of SLM material and the effect of heat treatment 
A part fabricated by SLM is made up of overlapping scan tracks [36] in both the vertical and 
horizontal directions fused together through metallurgical bonding by re-melting and solidification. 
Microscopic examination revealed the stacked layers in the samples, as shown in Figure 3 (a) (XZ and 
YZ planes). Figure 3 (b) shows the change in microstructure upon heat treatment, where 
spherodisation of Si occurred.  
The microstructure of the as-built material is divided into three zones; namely, melt pool core, melt 
pool boundary, and heat affected zone [17, 22]. Each scan track is outlined by the melt pool boundary 
that has a coarser microstructure, along with being Al-rich, as demonstrated by having the lighter 
shade in the optical micrograph in Figure 3 (a). This distribution of the chemical elements has been 
previously confirmed using energy dispersive X-ray diffraction by the authors in [31]. Cellular-
dendritic solidification has been previously reported for SLM AlSi10Mg [22]. The cellular grains at 
the melt pool core were equiaxed, whereas those at the melt pool boundary were elongated along the 
direction of the thermal gradient (Figure 3 (a)). Due to the fast rate at which the material solidifies 
[22], Si dendrites segregated on the boundaries of the columnar α-Al along the build direction, as 
shown in Figure 3 (c). Grains in the XY plane, perpendicular to the build direction, were equiaxed, as 
can be seen in Figure 3 (d).  
(a) (b) 
Surface porosity 
Satellites 
Balling 
Machining marks 
X 
Z Y 
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Figure 3: The microstructure of (a) as-built material, (b) heat-treated material, (c) elongated α-Al as seen on the XZ 
plane in the as-built material, (d) equiaxed α-Al grains as seen on the XY plane in the as-built material, and (e) Si 
spheroids in the α-Al matrix after T6 heat treatment. These images were obtained from cross-sectioning the shoulders 
of as-built and heat-treated samples.  
The heat treatment involves homogenising the microstructure to obtain a supersaturated solid solution 
that is maintained by rapid quenching, after which the material is artificially aged. This heat treatment 
modifies the microstructure of the material significantly, as has been previously demonstrated by the 
Melt pool core 
Melt pool boundary 
(c) (d) 
Inter-dendritic Si segregated on the columnar Al boundaries 
(a) (b) 
Build direction Build direction 
(e) 
Inter-dendritic Si segregated on the equiaxed Al boundaries 
Si spheroids in 
the α-Al matrix 
2 µm 2 µm 
10 µm 
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authors [31]. Figure 3 (e) shows that Si diffused to form particles, or spheroids, in the α-Al matrix, 
which is known as spheroidisation transformation. The presence of spheroidal particles in the 
microstructure has been reported [15] to reduce fatigue crack initiation. This heat treatment has been 
reported to enhance the material’s ductility as a result of its softening [31]. Also, Brandl et al. [15] 
reported that spherodisation eliminates the microstructural variation across the material, i.e. features 
distinctive of melt pool core, boundary, or heat affected zones, resulting in a more homogeneous 
microstructure. 
3.3. Stress-life (S-N) curves  
The S-N curve of the fatigue samples in Figure 4 shows the averaged results for the maximum stress 
and the number of cycles to failure. The observed results were analysed quantitatively by fitting the 
fatigue data (nominal stress amplitude and number of cycles to failure) with a Basquin fit [37], as 
shown in Figure 5. When the fatigue data, nominal stress amplitude (Sa) and number of cycles to 
failure (Nf), is fitted with a Basquin fit, it can then be presented in the form of Sa = A (Nf) 
B
. When the 
data is plotted on a log-log scale and fitted with a linear regression, log (A) can be determined as the 
intercept of the linear fit and its gradient represents B.  These parameters were extracted from the 
plots in Figure 5 and presented in Table 2. 
None of the as-built samples in this study, where the lowest maximum stress level examined was 
63 MPa, exceeded the pre-defined run out limit of 3 × 10
7
 cycles. At the stress of 63 MPa, the samples 
survived for an average of just over 7.6 × 10
6
 cycles. There has been evidence that the fatigue life of 
SLM samples from materials other than aluminium in their as-built condition is shorter than those 
with machined surfaces [26]. This has been attributed to the poor surface roughness common in the 
as-built samples, which favours fatigue crack initiation. From the results in Figure 4, presenting the S-
N data for the samples with and without machining, it can be deduced that this cannot be generalised 
over the range of stress levels. For instance, the fatigue life of both as-built and machined samples 
was similar at the higher maximum stress levels, but at maximum stress levels below 157 MPa some 
of the machined samples started to survive the pre-defined 3 × 10
7
 cycles cut off limit, with all the 
samples surviving at 63 MPa. This suggests that machining the samples improves the fatigue life 
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principally at lower stress levels with a far less significant effect observed at higher stress levels. This 
is potentially because fatigue life is initiation dominated at low stress and propagation dominated at 
high stress, with surface roughness having the greater effect on fatigue initiation.  This was also 
evident in Figure 5 (a), as there was not much change in the fatigue behaviour of the samples after 
machining for the range of nominal stress amplitude between 42 and 99 MPa. This is further 
supported quantitatively by the Basquin fit parameters in Table 2 that were only slightly altered to 
have a larger gradient. This is due to all the samples surviving the cut off limit at nominal stress 
amplitude of 28 MPa. In addition to not improving the fatigue performance at the higher stress levels, 
machining the samples led to a wider range of variability in the material’s performance under cyclic 
loading since some of the samples survived the pre-defined cut off limit of 3 × 10
7
 cycles and others 
failed within the range of 1 × 10
5 
to 3 × 10
5
 cycles. This wide range of variability negatively affects 
the reliability of the machined samples.  
An alternative approach that could be adopted to enhance the fatigue life of Al alloys is by heat 
treatment, as described in [15]. This is confirmed in this work by comparing the S-N curves of 
samples heat-treated using the procedure described in [31] to as-built samples, as seen in Figure 4 and 
Figure 5 (a). These curves show that the heat treatment has significantly improved the fatigue 
performance of the samples at all tested stress levels, with the best improvement at the lower stress 
levels. All of the heat-treated samples survived the pre-defined cut off limit at a maximum stress of 
94 MPa. The gradient of the Basquin fit was reduced from (-0.22) to (-0.15) after heat treatment, 
indicating the significantly improved performance alongside the overall shift to a higher cycles range 
with larger improvement at the lower stress levels. 
The combined effect of heat treatment and machining led to an overall enhancement in the fatigue 
behaviour of the samples at all tested stress levels, as demonstrated in Figure 4 and Figure 5 (b). All 
the samples in this batch survived the cut off limit at a maximum stress of 126 MPa. The gradient of 
the linear fit for this batch of samples was very close to that of the as-built samples with a larger 
intercept, indicating an almost equal improvement at all stress levels until the samples start to survive 
the cut off limit.  
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Figure 4: S-N curves superimposed for all the investigated conditions, namely, (1) as-built, (2) heat treated, (3) 
machined, and (4) heat-treated & machined. Results on this plot are average values determined from three replicates 
at each data point.  
Table 2: Basquin fit parameters for the fatigue data of samples with different conditions. 
Condition Log (A)  B 
As-built 2.92 ± 0.09 -0.22 ± 0.02 
Machined 3.1 ± 0.2 -0.25 ± 0.04 
Heat-treated 2.7 ± 0.1 -0.15 ± 0.02 
Machined & Heat-treated 3.1 ± 0.1 -0.25 ± 0.02 
0
50
100
150
200
250
1.00E+04 1.00E+05 1.00E+06 1.00E+07 1.00E+08
M
a
x
im
u
m
 s
tr
e
ss
 "
S
m
a
x
"
 (
M
P
a
) 
Number of cycles "Nf" 
As-built Machined Heat treated Heat treated & Machined
As-built 
104 1 5 1 6 107 108 
12 
 
 
 
Figure 5: Effect of (a) machining and heat treatment, and (b) heat treatment followed by machining, on the fatigue 
behaviour of SLM AlSi10Mg where “Sa” denotes the nominal stress amplitude and “Nf” denotes the number of cycles 
to failure. The data on these curves is fitted to a Basquin fit.  
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3.4. Fractography 
The fatigue fracture surface can be divided into three main zones that are (I) the cracked region where 
the crack initiates and grows slowly, (II) the steady propagation region, and (III) the final 
overload/fracture region where the crack propagation becomes fast leading to fracture. These regions 
are shown in the fractographs in Figure 6 and are developed through sub-structural and 
microstructural changes, formation of microscopic cracks, growth and coalescence of micro-cracks 
creating dominant cracks, crack propagation creating micro-cracks, and instability or complete failure 
[38]. Zone (I) is where a crack is first nucleated and it usually occupies a small area fraction of the 
fracture surface compared to the further stages of failure [39] at high stress levels, but its size 
increases with the decrease in stress level, as can be seen by comparing Figure 6 (a) and (b), which is 
common in cyclic loading [40]. At a nominal stress amplitude of 42 MPa, the radius of zone (I) was 
2.5 ± 0.2 mm, whereas this radius decreased to 1.90 ± 0.05 mm and 1.0 ± 0.2  mm at nominal stress 
amplitude of 70 MPa and 99 MPa, respectively. All the tested samples showed single crack origin 
irrespective of the stress applied. Figure 6 (c) shows that the crack propagated across the sample along 
a horizontal plane until zone (III) when the fracture surface shifted to a plane that is inclined to the flat 
surface by an angle of 45°, i.e. shear plane. 
Fatigue striations on the fracture surface of the as-built sample can be seen in Figure 7 (a) and (b). 
The fatigue striations are features that are observed at the microscopic scale and each striation 
represents a cycle of fatigue crack propagation. The striations observed in the fracture surfaces of the 
as-built samples were brittle striations [39]. This brittleness could be attributed to the high residual 
stresses common in the SLM material [30] due to fast solidification. At high stress levels, such as the 
samples loaded at a 99 MPa nominal stress amplitude, evidence of cleavage was observed in the final 
overload/fracture region. Failure in this region exhibited a fanlike appearance [40]. Examples are 
shown in Figure 7 (c) for the cleavage fans and lines. It was also noticed that the laser scan tracks 
used to process the samples could be observed on the fracture surface, as shown in Figure 7 (d). This, 
along with the cross-sectional view across the plane normal to the fracture surface in Figure 6 (c), 
suggests that the crack propagates along the interface between the melt pool boundary and core.  
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Figure 6: Zones of fatigue fracture in an as-built sample loaded by a maximum stress of (a) 94 MPa and (b) 220 MPa. 
(c) Cross-sectional view in a fracture surface as seen in the XZ plane. 
    
     
Figure 7: (a) and (b) Fatigue striations on the fracture surface of an as-built sample, (c) Cleavage fans and lines on 
the fracture surface of as-built samples tested at high stress levels, (d) The scan tracks building up the sample using 
the chessboard scan strategy clearly seen on the fracture surface of the as-built fatigue sample (indicated by the 
arrows). 
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Some foreign particles of a spherical morphology were observed on some of the fracture surfaces, 
such as that shown in Figure 8. At point (A) in Figure 8, the relative chemical composition was 
1.22 wt% Mg, 12.96 wt% Si, and 80.55 wt% Al, whereas at point (B), the relative chemical 
composition was 0.37 wt% Mg, 8.55 wt% Si, and 91.08 wt% Al. This composition as well as the 
spherical morphology suggests that this particle could be laser spatter. The laser spatter from this 
material was previously reported [17] to be rich in Si and Mg and this is in agreement with the energy 
dispersive X-ray diffraction (EDX) maps in Figure 8. Simonelli et al. [41] attributed the production of 
laser spatter during SLM to selective oxidation reactions. The presence of the laser spatter on the 
fracture surfaces of the fatigue samples indicates the importance of preventing their formation during 
processing, as they might become embedded in the final parts, contributing to a greater probability of 
failure under loading.   
         
Figure 8: Foreign particle on the fracture surface a fatigue test specimen with EDX maps showing the particle rich in 
Mg, Si, and O2. 
Fractography also showed that the machined samples failed due to surface defects, as shown in Figure 
9. This was a consistent behaviour across all the samples. Closer investigation of the surfaces of the 
machined samples revealed pores that were originally sub-surface and surfaced by machining (Figure 
9). This can explain why failure under cyclic loading for the machined samples still originated at the 
surface. Wycisk et al. [9] categorised the types of crack initiation under fatigue loading of SLM parts 
into two categories; (1) failure due to lack of fusion between the layers or (2) surface defect induced 
by the poor surface roughness in the as-built samples. The results in the current study support the 
second scenario, as was demonstrated in the fractographs that failure always originated at a surface or 
Hard particle embedded in 
the sample 
A 
B 
200 µm 
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sub-surface defect (Figure 6 and Figure 9). Brandl et al. [15] have shown defects in SLM parts, either 
in the form of pores or non-melted spots, to cause stress concentrations and therefore reduce the 
strength. This is also in agreement Siddique et al. [42]. The susceptibility of failure under cyclic 
loading due to the presence of processing defects, such as pores, has also been previously reported for 
samples produced by electron beam melting [43]. 
 
       
Figure 9: Fracture surface of a fatigue test specimen with machined surface showing failure to originate at a sub-
surface defect that probably was revealed by machining. 
The effect of heat treatment on the fracture of the samples under cyclic loading is demonstrated in 
Figure 10. It is clear that the selected heat treatment leads to microstructural coarsening. Dimples 
appeared on the fracture surfaces of the heat-treated samples, which were not apparent in the as-built 
specimens, indicating increased ductility [15]. The ductile features on the surface of the heat-treated 
samples agree with the S-N curves presented earlier that demonstrated that the heat treatment 
improved the fatigue performance of the material since a material with higher ductility is less 
susceptible to fatigue crack initiation. A similar interrelation between a material’s ductility and fatigue 
resistance was demonstrated by Kasperovich and Hausmann [29] for SLM Ti-6Al-4V. 
      
Figure 10: High magnification images for the fracture surfaces of (a) as-built and (b) heat-treated fatigue samples. 
An originally sub-surface pore that 
surfaced by machining 
500 µm 2 mm 
20 µm 20 µm 
17 
 
4. DISCUSSION 
The microstructure of the SLM material was seen to be finer at the melt pool core compared to the 
boundary. This is attributed to the latter region being at the interface between two melt pools, leading 
to slower solidification. When the liquid metal solidifies on a flat solid surface, unidirectional 
solidification is adopted rather than equiaxed solidification [44]. In the unidirectional solidification, 
the layer of the molten metal grows, forming crystals into cellular-like grains leading to dendrite 
formation. Conventional processing of AlSi10Mg, a hypo-eutectic alloy, results in an Al dendritic 
structure surrounded by inter-dendrite Al-Si eutectic. The form of Si changes according to the cooling 
rate, such as quench modification, thermal modification, or chemical modification [45]. Rapid cooling 
decreases the amount of Si ejected into the liquid by extending its solubility in Al [46], so ɑ-Al 
solidifies first in the preferential cellular structure leaving the residual Si at the boundaries [47]. 
Coarsening of Al at the melt pool boundaries reduces the fraction of grain boundaries in this region, 
which means fewer sites for Si segregation. This is why the melt pool boundaries were rich in Al 
whereas the cores were rich in Si [31]. The presence of Si in AlSi10Mg is beneficial because it 
increases the alloy’s fluidity [32], which enhances process-ability by SLM, and acts as a strengthening 
element to improve the mechanical properties, including performance under cyclic loading. However, 
as the Si content approaches the eutectic composition, its effect is inverted in the case of cast 
materials because at this point the Si forms platelets, which are sites favoured for fatigue crack 
nucleation [32]. This scenario however is not valid in case of the SLM material because of its 
distinctive microstructure in the as-built condition.  
One of the downsides of SLM is the poor surface quality of the parts produced, either due to the 
formation of a surface with an irregular morphology or the presence of satellites or balling or surface 
porosity. This was clearly evident in the surface roughness measurements alongside the micrographs 
in Figure 2, where satellites adhering to the surface of a sample were seen. The poor surface quality of 
SLM parts can be a setback for the process as a net shape manufacturing technology since post-
fabrication processing may be needed to reduce the surface roughness. Although post-process 
machining might not be an issue for some parts, it will be difficult in cases where the geometry cannot 
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be machined using conventional technologies. Examples are topology optimised parts and lattice 
structures, both of which are relevant in light-weighting. There are few studies in the literature 
covering the fatigue behaviour of SLM Al alloys; however, those available seem to have 
overestimated the surface quality as a factor. The results presented in this study disagree with this 
assumption to an extent, since machining the samples improved the fatigue performance only at lower 
stress levels (Figure 4). This contradicts results reported for other materials processed by SLM, such 
as Ti-6Al-4V [20] and 316L stainless steel [27]. It also shows that the difference in the fatigue 
performance of SLM AlSi10Mg samples in the work of Brandl et al. [15] with machined surfaces and 
those with as-built surfaces in the work by Mower and Long [28] cannot be solely attributed to 
surface quality. There are various factors that may have led to the poorer performance in [28] such as 
higher degrees of porosity. Failure of the samples always originated at surface defects in both as-built 
and machined samples. Although the machined samples did not suffer from the surface irregularities, 
surface pores were still observed since sub-surface pores in the as-built samples were exposed by 
machining, leaving the surface with defects that were susceptible to fatigue cracking. Generally, the 
parts produced using the optimised process parameters in this study yield parts with minimal porosity 
(≤ 0.5%). The presence of these pores close to the surface increases the chance of revealing them by 
machining. The probability of this scenario is thought to be the reason behind the scatter in fatigue life 
data after machining. In this work, the heat treatment was the more significant contributor to 
enhancing the fatigue life at higher levels. This result means that a well-designed heat treatment 
procedure can significantly improve the fatigue performance of SLM AlSi10Mg parts without the 
need for post-processing machining for surface quality modification. This finding is in favour of SLM 
being a net shape manufacturing technology and is potentially attractive for industries interested in 
complex lightweight structures that cannot be machined post-processing. However, the combined use 
of heat treatment and machining improved the fatigue performance at all stress levels beyond the 
effect of solely heat-treating the samples or machining them. 
Brandl et al. [15] attributed the improved fatigue strength in heat-treated SLM AlSi10Mg samples to 
the transformation of the Si dendrites to spheroids capable of hindering crack initiation and 
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propagation. The crystallographic texture of a material has an influence on its fatigue behaviour, 
where a random texture means a softer material [38]. According to [22], the SLM material is one of a 
strong texture. The heat treatment has significantly altered the microstructure and randomized the 
microstructural texture because the evidence of directional solidification was eliminated. This, also, 
explains the enhancement in fatigue life via heat treatment. Moreover, based on the evolution in the 
material’s hardness by heat treatment [31], it can be deduced that the conventional T6 heat treatment 
softens the material, i.e. increases the material’s ductility, which means improved fatigue strength.  
The results in this study were compared to data from the literature published by Brandl et al. [15] on 
the same alloy processed by SLM. The maximum stress at which the as-built samples in this study 
survived 10
6
 cycles was ~102 MPa, whereas in [15] it was approximately 120 MPa. After heat 
treatment, the samples in [15] survived 10
6
 cycles at a maximum stress of around 170 MPa, whereas 
the samples in the current study were at a stress of ~160 MPa. Bearing in mind that the heat treatment 
procedure Brandl et al. [15] used in their study involved significantly longer durations (solution heat 
treatment at 525º C for 6 hrs followed by ageing for 7 hrs at 165º C after water quenching), the results 
in this investigation therefore achieved a comparable behaviour while using shorter treatment 
durations. Results reported in [48] showed that cast samples from A356 treated using a T6 heat 
treatment survived 10
6
 cycles at a maximum stress of ~139 MPa, indicating the superiority of the 
SLM heat-treated samples. The A356 is equivalent to AlSi7Mg, which is relatively close to the alloy 
in this study. This improved fatigue behaviour could be attributed to the finer microstructure, which 
means increased area of grain boundaries. Grain boundaries act as barriers to fatigue crack 
propagation, therefore, better fatigue crack propagation resistance can be achieved by refining the 
microstructure [49]. 
5. SUMMARY & CONCLUSIONS 
 The as-built material in this study showed good performance under cyclic loading. Machining the 
samples did not enhance the fatigue life at higher stress levels but an enhancement was observed at 
the lower stress levels. On the other hand, heat treatment considerably improved the fatigue 
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performance of the material. The optimum fatigue life was achieved when the samples were heat-
treated and machined. The enhancement in fatigue life via heat treatment was attributed to the induced 
ductility, microstructure transformation, and reduction of residual stresses. Failure under cyclic 
loading always originated at surface or sub-surface defects and propagated along the melt pool 
boundary, this being the weaker region since it is Al-rich. The significant improvement in the fatigue 
performance of the SLM AlSi10Mg through heat treating the samples with machined surfaces makes 
the material and process more attractive. Most importantly, demonstrating that heat treatment alone 
without surface machining can yield better fatigue performance, almost doubling the fatigue life, is a 
novel finding. This result is strongly appealing for industrial sectors interested in fabricating intricate 
structures using SLM with exceptional fatigue behaviour without the need for post-processing 
machining. 
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